Broiler farm management should include properly maintained watering devices and appropriate house ventilation practices for an optimal preharvest production environment. An effective strategy to prevent dripping water and spillage and to ensure a modest but continuous and uniform flow of air directly over the litter surface appears to create an unfavorable environment for enteric bacteria.
DESCRIPTION OF PROBLEM
High water parameters in the litter can create favorable conditions for the multiplication of enteric pathogens such as Salmonella and E. coli. Indeed, previous drag swab (DS) studies [1, 2] have shown that broiler litter surfaces with water activity (a w ) greater than 0.90 were associated with increased Salmonella recovery rates. Furthermore, the risk of Salmonella contamination on processed broiler carcasses is reduced when carcasses originate from farms with low detectable levels of Salmonella [3] . Combined, these observations suggest that lower a w levels at the litter surface likely contribute to lower Salmonella loads on carcasses [3] . Therefore, the transmission of Salmonella from the farm to the processing plant and potentially to marketed carcasses may be diminished and controlled by implementing management strategies that reduce bacterial loads in the production environment. Identification of Salmonella and E. coli multiplication "hot spots" in the litter should enhance poultry health and quality control.
This study, based on the quantitative Salmonella and E. coli data obtained from litter samples with various levels of a w and moisture content (MC), identified regions in litter that constitute multiplication "hot spots" (i.e., litter with a w from 0.90 to 0.95 or MC from 35 to 50%). The measurement of airflow velocities over litter surfaces further revealed that moderately increased, rates of airflow directly over the litter surface generally contribute to drier litter and, consequently, to decreased viable Salmonella and E. coli populations.
MATERIALS AND METHODS

SAMPLING
Brood chambers of 13 commercial broiler houses from four different farms located on the Delmarva Peninsula were visited on a single or on multiple occasions during the growout period, except for one farm, which was visited during a subsequent growout period. On all farms, except for one, sampling was restricted to the brood chambers, because preliminary data (not included) indicated that they had the highest prevalence of Salmonella-positive DS. At each visit the brood chamber and, in some cases the entire house, was sampled using four to six DS per chamber to obtain an overall perspective of the Salmonella status of the house. Swabs were placed in 1,000-mL Whirl-Pak bags and then placed inside an insulated, refrigerated box. The swabs were processed, and broth suspensions were cultured qualitatively as described by Opara et al. [1] . Next, 96 litter samples were collected as described by Mallinson et al. [4] . Each sample comprised 5 to 10 pooled collections from wet and dry areas (five samples from areas under nipple drinkers and five from areas 5 ft away). These areas were selected because they had comparable moisture levels between houses on the same farm and between farms. Furthermore, pooled samples were used to increase the probability of detecting Salmonella from the litter. These pooled litter samples were collected and placed into 36-oz Zip-Lock bags, using separate disposable surgical gloves for each pool. Samples were collected from identical sites for physical (a w and MC) and bacterial (Salmonella and E. coli) analyses.
AIRFLOW MEASUREMENT
Airflow patterns over each sampled area were measured using a Digital Hygro thermometer, anemometer, data-logging instrument according to the manufacturer's instructions [5] . The instrument's anemometer, located at the end of a one-meter handle bar, was held approximately 1 in. from the litter base at the center of the area from which a particular litter pool was collected. Each air velocity reading represented the average flow of air at a particular location during a 15-s interval.
A w AND MC MEASUREMENTS AND LITTER PROCESSING
The a w and MC were measured as previously described [6] . Litter samples were processed according to Mallinson et al. [4] . Briefly, litter samples and DS were immediately transported back to the laboratory in an insulated container for processing. Thirty grams from each litter sample was suspended in 300-mL of buffered peptone water (BPW) contained in 500-mL polypropylene wide-mouth bottles [7] . Samples were vigorously shaken for 2 min and lightly filtered. Three 80-mL aliquots were divided among three 100-mL Snap-Cap jars [8] , and two 10-mL aliquots of the filtrate were poured into two 15-mL centrifuge tubes. The jars and tubes were immediately flash-frozen at −70°C.
SALMONELLA QUANTIFICATION
Litter samples were prescreened for further Salmonella quantification as previously described [4] . Briefly, Salmonella screening was performed by qualitatively testing for this organism using two of the three 80-mL litter suspensions for each sample. The purpose of prescreening was to preserve materials and to avoid performing the laborious five-tube most probable number (MPN) procedure on samples that were essentially Salmonella-negative. The last 80-mL suspension of those samples positive for Salmonella at prescreening were quantified for Salmonella by using the five-tube MPN procedure [9, 10] . After primary and selective enrichment in BPW and tetrathionate-Hajna 
E. COLI QUANTIFICATION
E. coli quantification was performed by thawing one 10-mL aliquot suspension of litter, which was serially diluted and spread-plated (0.1 mL) on eosin-methylene-blue agar (EMB) [11] . The plates were incubated at 35°C for 24 hr and typical E. coli colonies were counted. The smaller (10-ml) litter suspension aliquot was used for E. coli quantification because of the higher load of this organism in the litter.
STATISTICAL ANALYSIS
We determined the significant difference of the means of a w , MC levels, and E. coli populations for litter samples collected from areas exposed to varying airflow levels by using the directional Student's t test [13] .
RESULTS AND DISCUSSION
As reported by Hayes et al. [14] , the DS method was more reliable for qualitatively determining the Salmonella status of a house than culturing litter samples. When compared to the overall high percentage of negative litter culture results, these observations suggested that Salmonella spp. were not uniformly distributed throughout the litter surface. In this study, Salmonella spp. were detected in only 17.7% of all collected litter samples ( Table 1) . The DS technique proved to be more sensitive than culture of litter samples for establishing the Salmonella status of a broiler house with 2.4× greater detection (42.5%) in commercial houses (Table  1) . Because the DS method involves sampling from a large surface area in the house, it is more likely to be in contact with the contaminated areas.
Although the DS method helps establish, semi-quantitatively, the general prevalence of Salmonella contamination in the house litter, it does not adequately examine the direct contribution of physico-chemical litter parameters on Salmonella and E. coli populations. By collecting data on specific conditions and corresponding bacterial populations of litter samples, the individual or cumulative effects of certain parameters (i.e., a w and airflow) on bacterial growth can be identified. This approach can help determine the optimal environmental conditions for the production of healthier and safer poultry.
Previous studies [1, 6] have established that a relationship exists between litter regions with high a w levels (>0.90) and the number of Salmonella-positive DS. However, the data presented here further suggested that high litter MC also contributed favorably to the presence of Salmonella. Therefore, understanding the relationship between these two water parameters becomes important because both may serve as strong indicators of high-risk conditions that support Salmonella contamination. We observed a curvilinear relationship between a w and MC levels in broiler litter ( Figure 1 ). As MC levels decreased from approximately 60 to 35%, a w decreased The only houses that were included in the table were those where Salmonella was detected by either or both methods.
B
There was only one instance when a house was positive by litter sampling but negative by the drag swab method. gradually almost linearly. Further, as MC levels decreased to <35%, a w values sharply decreased. This observation was significant because it revealed that the MC value might also be important when attempting to describe the conditions of litter that support bacterial growth. MC reflects the effectiveness of ventilation in drying litter [15] and in Salmonella contamination rates [16] . The MC level at a particular litter location can possibly maintain a fairly constant a w by releasing water molecules at the expense of total MC. However, a point is reached at which unbound water on a litter matrix is diminished, thus causing a sharp drop in a w . A similar trend between a w and MC has been reported for fecal droppings [17] . Figure 2 represents Salmonella-positive litter samples and respective Salmonella populations grouped into ranges according to a w and MC values. In Figure 2a , results suggest that litter samples with a w between 0.90 to 0.95 may represent an optimal situation for the growth of Salmonella (average of 44.7 viable Salmonella colony-forming units recovered from 10 g of litter collected). Furthermore, the data revealed 0.85 to 0.89 a w to be the second best condition for growth of Salmonella (average count of 20.7 cfu/10 g). In this series, one sample, which had an a w of 0.893, had an unusually high Salmonella count of 540 cfu/10 g of litter. This unusually high count was largely responsible for the high final average calculated for this a w range.
Not surprisingly, Salmonella was detected in low numbers in litter samples with a w <0.85. Quantification results revealed that the number of viable cells was extremely low. The average recovery of Salmonella from 10 g of litter with a w from 0.84 to 0.80 was 0.13; with a w <0.79 average recovery was 2.7. This finding provided an explanation for the sporadic positive cultures obtained in previous studies by Opara et al. and Carr et al. [1, 2] , who reported significantly lower DS Salmonella recovery rates from broiler farms having average a w less than 0.85 in the litter.
In a qualitative study encompassing litter samples and DS taken from a total of 86 commercial farms on the Delmarva Peninsula, some Salmonella-positive samples with low a w levels were found but were not quantified [14] . Of a total of 29 Salmonella-positive litter cultures, 34.5% had a w values <0.85. Detection of low levels of viable Salmonella cells may reflect the presence of organisms poised to multiply, should a more favorable condition occur (e.g., addition of moisture to the litter bed or ventilation rates or distribution patterns incapable of adequately removing moisture from the litter). This finding, showing a direct Salmonella quantitative relationship to a w and MC, reinforced our previous hypothesis by providing further evidence that Salmonella could possibly be surviving and persisting in the litter bed in a viable but nonculturable phase [18, 19] . Regardless, growth conditions in the litter, such as elevated water parameters, might promote greater survival and notable multiplication of the organism.
Interestingly, litter samples with water parameters in the highest a w range (0.95 to 1.00) were not associated with elevated Salmonella populations. Possibly such conditions are less than ideal for the growth of Salmonella, perhaps due to the creation of a hypotonic environment or to the dilution of essential nutrients. Analysis of the culture results in relation to MC provided information analogous to that observed with a w data (i.e., MC levels between 35 and 50% were more frequently associated with higher Salmonella counts) (Figure 2b) . Therefore, 35 to 50% MC in the litter appears to constitute a high-risk situation for the presence of Salmonella in large numbers (average of 250 viable Salmonella cells/10 g of litter). Significantly, culture quantification results revealed that Salmonella populations might be 50-to 500-fold higher if the litter bed a w is between 0.90 to 0.95 or MC levels are between 35 to 50% (Figure 2) .
Parallel to the Salmonella quantification results, quantification of E. coli populations revealed a similar trend (Figure 3 ). Litter with a w between 1.0 to 0.95 and 0.949 to 0.90 had the highest average E. coli populations per 10 g of litter (3.74 × 10 6 cfu/10 g litter and 3.58 × 10 6 cfu/10 g litter, respectively). Compared to the average viable E. coli population for these two a w intervals, reductions by 60.9 and 68.2% were observed for samples with a w levels ranging from 0.90 to 0.85 and below 0.849, respectively. Based on litter percentage of MC, lower E. coli populations were also obtained for samples with MC <35% as compared >35% (1.0 × 10 6 cfu/10 g of litter vs. 6.67 × 10 6 cfu/10 g of litter). This difference in average count represents an 85.0% reduction in the number of viable E. coli cells for samples with MC <35%. This comparatively lesser effect from that noted for Salmonella could be due to the constant reintroduction of E. coli into the litter bed from continuous fecal shedding by birds.
Airflow results indicated that areas exposed to higher ventilation rates (above 60 ft/min) were significantly associated with lower MC, a w , and E. coli population [13] . Because there were a limited number of Salmonella-positive litter samples, the direct impact of ventilation on the reduction of Salmonella populations was not definitively established. Due to a similarity in response to a w and MC changes, the results obtained for E. coli can be extrapolated to Salmonella (Figure 2) . Although ventilation practices varied considerably between farms (number, placement, static pressure, running time of fans, and curtain setting), a correlation seemed to exist between the rate of air movement over a specific litter location and its water parameters (Table  2 ). Locations where air movement was approximately zero tended to have higher water parameters, which might have increased the likelihood of pronounced Salmonella multiplication in such areas, should the organism have been introduced.
It was also noted that, in contrast to houses that were ventilated by wind and propeller fans, tunnel ventilation houses (two observations) had a higher (131 to 198 ft/min) and unvarying flow of air over the entire litter surface in the brooder chamber. This elevated and continuous flow of air might have contributed to the low detection of Salmonella from litter samples (1 positive of 26 collected). To achieve airflow of this magnitude (150 to 200 ft/min) the grower had four tunnel fans running concurrently, generating an in-house static pressure between 0.04 to 0.05. Static pressure appears to be directly related to CONCLUSIONS AND APPLICATIONS 1 . Careful attention must be given to a w and MC levels in broiler litter. According to recent data, a w <0.85 and MC <35% are recommended. 2. Any water leakage must be repaired immediately so as to prevent addition of moisture to the litter base. 3. Ventilation should be managed to maintain a litter drying environment, which can be achieved by regularly maintaining a modest and uniformly distributed ventilation rate (100 to 150 ft/ min) over the litter surface.
the ft/min of airflow (data not shown). Therefore, in addition to already reported advantages of tunnel ventilation, such as a reduction of heatstress related mortality and improved feed conversion [20] , tunnel ventilation could also be advantageous as an effective means of removing excess moisture from litter, thereby helping to suppress Salmonella and E. coli levels and risks. For growers attempting to avoid the higher installation and operational costs associated with tunnel ventilation [21] , but concerned about obtaining a more homogenous airflow coverage over the litter bed in naturally ventilated houses, ceiling fans or perhaps even baffles may provide an attractive alternative to side-wall propeller fans [21] . This study provided additional evidence that a w and MC in the litter and air velocity over the litter represent potentially important house parameters that need to be monitored to ensure a safe and healthy environment for broiler production. By knowing the levels of contamination, one can better determine the degree of contamination and, thus, take appropriate measures. Such measures could involve improving the uniformity of moderate airflow rates of 100 to 150 ft/min (approximately 1.5 mph) and repairing roof leaks and leaking watering devices. While avoiding establishment of undesirable dry dusty conditions, the corrective management practices suggested here might likely produce those litter parameters associated with reduced risks of E. coli and Salmonella contamination. 
